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Plasma Formation on the Front and Rear of Plastic Targets due to High-Intensity
Laser-Generated Fast Electrons
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Novel features of plasma generation by 1 ps,1 mm, ,1019 W cm22 laser pulses on thick plastic
targets are presented: (i) The electron distribution in the ablated plasma has a minimum along
target normal which persists long after the laser pulses.1 nsd; (ii) a narrow plasma jet is formed
at the rear surface after a few picoseconds, in line with the laser focus. This is consistent wi
a beam of fast electrons traveling through the target, collimated by a magnetic field in the targe
[S0031-9007(98)06636-8]
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There has been much interest in high intensity las
plasma interactions since the development of the chirp
pulse amplification (CPA) technique [1,2] for generatin
short, high intensity laser pulses. This work has a numb
of applications [3]. One potential application is th
“fast igniter” scheme [4] where it is proposed that fa
electrons generated by a short laser pulse could be u
to rapidly heat the core of a compressed DT fuel pel
to ignition. Here we present laser probing observatio
of the plasma at the front and rear surfaces of deutera
plastic sCD2d targets in such interactions, which revea
interesting information on fast electrons.

The experiment used the CPA Vulcan glass laser at
Rutherford Appleton laboratory. The laser delivered
1.054mm wavelength, 30 J maximum energy, 1 ps d
ration, 3.5 times diffraction limited beam. A detailed de
scription of the laser can be found in [5]. Thep-polarized
beam was focused atfy4.5 to a 12mm diameter spot,
giving a maximum intensity of2.8 3 1019 W cm22, on
5 mm 3 5 mm plastic slabs with thicknesses of 140
250 mm at 30± to the target normal. A small frac-
tion, split from the uncompressed main beam, frequen
doubled to the green (527 nm), and compressed to 1
was used as a probe. The probe was passed transve
across the target, both the front and the back surfaces
ing in the field of view. Aspheric optics were used i
the imaging system to give maximum spatial resolutio
of ,2 mm. The image plane was relayed outside th
chamber and split into three. One beam was directed i
a modified Nomarski interferometer [6], the second in
a polarimeter, and the third into a shadowgraphic sy
tem. The acceptance angle of the optical system in
three channels was 0.12 radianss f4d. Refraction of the
probe in the strong density gradients limited observatio
to regions with electron density less than1020 cm23. The
probe beam was timed by decreasing the relative delay
a value such that no plasma was seen in the diagnos
This was taken to be time zero.
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Figure 1 shows some typical shadowgrams. T
fringes are due to refraction in the steep density profi
[7]. The bright spot at the target surface is present wh
the probe is switched off and is therefore due to seco
harmonic emission. The dark region immediately in fro
of the target, which is at a density greater than1020 cm23,
is seen to expand both normal to the target and alo
the target surface. Figure 2 is a plot of the expansi
along the target normal as a function of time. Als
shown in the inset are results from a MH2D (magnet
hydrodynamic two-dimensional) simulation [8], in which
the laser is represented by heating at the critical surfa
Ponderomotive effects and absorption into fast electro
are not included. The best fit to the data is for 15
laser absorption; 10% and 20% gave noticeably differe
results. This is consistent with the,10% absorption
into fast ions emitted from the front of targets reporte
in previous experiments [9]. The initial rapid expansio
and agreement with the simulations shows that time ze
does correspond with the arrival of the main pulse on t
target. Results from previous experiments indicate th
there is a short scale lengths,1 mmd preplasma present
[10]. Figure 3 shows interferograms at 5 and 81 p
respectively, and the corresponding density contou
obtained by Abel inversion. There is a density minimu
along the target normal which forms a cone defined by t
laser spot center on the target and a half angle of,16±.
This density minimum is sustained at late times. Th
shadowgram in Fig. 1(c) is recorded at 1.3 ns and clea
shows a density minimum atr  0 at the tip of the
plasma. The same effect has been observed by Attwo
et al. [11] for a 3 3 1014 W cm22, 30 ps, 1.06mm laser
pulse but only during the laser pulse. A persistent dens
minimum, or channel, has been observed in experime
with preformed plasmas [12,13]. The density minimum
on axis could be due to the ponderomotive force. Incl
sion of radiation pressure in the MH2D simulations di
not produce a density minimum; however, this simp
© 1998 The American Physical Society 999



VOLUME 81, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 3 AUGUST 1998

of
D
st

nd
sity

is

by
FIG. 1. Shadowgrams for (a) 22 ps, 11.5 J laser energ
(b) 450 ps, 13 J laser energy; and (c) 1300 ps, 13.4 J la
energy (CH target). The white line indicates the targ
surface. The bright spots, beneath the white lines, on the fi
two images are second harmonic emission (527 nm) whi
passes through the narrowbands527 6 10d nm interference
filter placed in front of the CCD detectors. The black region
the region inaccessible to the laser probe.

treatment cannot rule out this possibility. The con
angle agrees with that of the fast ion emission measu
previously [8], indicating that this is the region which th
ions are ejected from. Gitomeret al. [14] found a strong
correlation between fast ions and fast electrons, show
that ions are ejected by electric fields generated by f
electrons. A cone angle of,16± is consistent with that
found for fast electrons entering targets in numero
experimental and theoretical works, e.g., [15–20]. Th
polarimeter detected no rotation of the plane of polariz
tion of the probe laser, indicating that it is,1±. This
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FIG. 2. Axial expansionszd of the 1020 cm23 contour along
the target normal versus time. Each point is the average
10 or more shots. The inset includes a line from a MH2
simulation for 15% absorption at the critical surface. The be
fit to the experimental data iszsmmd  5.86 3 ftspsdg0.53.

corresponds to a magnetic field,200 T for an electron
density of 5 3 1019 cm23 and a distance of,25 mm.

FIG. 3. Interferograms for (a) 5 ps, 14.5 J laser energy a
(b) 81 ps, 14.2 J laser energy and the corresponding den
contours [(c) and (d), respectively] in units of1019 cm23. z is
the distance along the normal from the target surface, which
marked with a white line, andr is the radial position from the
laser spot center. Also shown is the full cone angle defined
the density wings.



VOLUME 81, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 3 AUGUST 1998

d
ll
d

e
f

c-

y

a

n
e

y
-

a-

n

y
].

h

d

ty,
ns
ay
s
rge

h

e
ce
s

Therefore the magnetic field does not exceed 200 T
regions accessible to the probe beam. The peak magn
field in the MH2D simulations was,100 T, and it was
found to be important for the plasma hydrodynamics.
field ,200 T is also consistent with the recent results o
Mason and Tabak, where significantly higher fields we
found in the overdense plasma [20]. Thus, the persisten
of the density minimum could be due to a magnetic field

Figure 4 gives two shadowgrams showing plasma
the rear surface. The earliest time that such a plas
was discernible was 22 ps with a 140mm thick target
[Fig. 4(a)]. It has a diameter of6 6 2 mm at the surface.
It was present in all shadowgrams taken at later tim
for all targets [cf. Fig. 4(b)]. The plasma was alway
in line with the laser focal spot and expanded wit
time. We propose that this is formed by a beam of fa
electrons, collimated by a magnetic field inside the targe
Other mechanisms are either impossible or inconsiste
with the observations. Transmission of the laser pul
through this thickness of solid is not possible. Th
prepulse at,1013 W cm22 is above the target damage
threshold and is absorbed. It precedes the main pu
by 300 ps, and in this time any plasma it formed wa
undetectable. It is unlikely that the leading edge of th
prepulse is transmitted and then sharply focused at t
rear of a target. To rule this out we carried out some sho
with 50 mm thick aluminum slabs, which are opaque t
1 mm radiation, and a larger diameter, rear plasma w
observed. Furthermore, if a1013 W cm22 laser pulse
could generate this plasma it would have been observ
in lower intensity experiments. Thus we can rule ou
formation by the prepulse. A formation time,22 ps

FIG. 4. Shadowgrams for (a) 22 ps, 11.5 J laser energy a
(b) 207 ps, 20.2 J laser energy showing a plasma at the r
surface. The line in (a) gives a magnified trace of the re
surface of the region inaccessible to the probe.
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immediately rules out transport around the target an
shock breakout, which are inconsistent with the sma
diameter. The reproducible diameter and position an
formation on aluminum rule out electrical breakdown du
to fields generated at the front [21]. Transmission o
fast ions (,MeV energies [8]) is ruled out by the target
thickness.

This brings us to fast electrons. The measured fast ele
tron temperature in [9] is 565 keV at1.8 3 1019 W cm22

(20 J laser energy). An electron with this kinetic energ
has a speed of0.88c, so it can account for the rapid for-
mation. The mean range of electrons in the target, as
result of angular scattering, is at most a factor of

p
6 (Z

of carbon) lower than the stopping distance. An electro
with a kinetic energy of 250 keV has a stopping distanc
.

p
6 3 210 mm [22]. This indicates that the bulk of the

fast electrons will pass through the target with little energ
loss. However, resistive inhibition could prevent penetra
tion [23–25]. A mean penetration depthsz0d from a 1D
model including only the electric field is given in [25].
Using the Spitzer resistivity and the fast electron temper
ture from [9], this gives

z0 ø 0.0026

√
1

fabs

! √
Tb

eV

!3y2√
20

Z ln L

!

3

√
1.8 3 1019 W cm22

I

!1y3

mm , (1)

where Tb is the background temperature,fabs is the
absorption into fast electrons, andZ ln L is from the
Spitzer formula [26]. This indicates that fast electro
penetration will be prevented; however, this will lead to
rapid heating of the background lowering the resistivit
and allowing the fast electrons to penetrate further [27
If fabss20 Jd heated every electron in a cylinder of
CD2 with a diameter of the laser spot and a lengt
of 210 mm, Tb would be fabss10 keVd. This gives
z0  f

1y2
abs s2600 mmd, andz0 . 210 mm requiresfabs .

0.0065. The absorption into the fast electrons is foun
to be ,40% [9]. If the electrons did spread out in
the target,z0 would be significantly increased from the
1D result due to the decrease in the current densi
and the same results would apply. Thus, fast electro
are transmitted and can heat the target all the w
through sufficiently to form a plasma at the rear. A
they leave the rear surface they set up a space cha
electric field which reflects them, forming an electron
sheath at the surface with a scale lengthsdd given by the
Debye length [28,29]. The electric field in this sheat
is [29]

E ,
Tf

d
ø 1.3 3 1024snfTfd1y2 V m21, (2)

wherenf andTf are the number density and temperatur
(eV) of the fast electrons at the surface. As the surfa
is not a perfect conductor nor perfectly smooth, thi
field will affect it. Field ionization of hydrogen requires
1001
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an electric field of5 3 1011 V m21. Using nfTfuf 
frearfabsIye, whereuf is the fast electron speed andfrear
is the fraction of the generated fast electron flux leavin
the rear surface, gives forE . 5 3 1011 V m21

frear . 0.008

√
0.4
fabs

! √
1.8 3 1019 W cm22

I

! √
uf

0.88c

!
.

(3)

If the fast electrons propagated freely, then for this n
to be satisfied they must be emitted into a full con
angle .51± in the 140mm target. To account for the
diameter of the plasma observed they must have mov
inwards; a 1± angle to the axis gives a 2.4mm shift
over 140mm, comparable to the radius of the observe
plasma. This can be explained by an azimuthal magne
field in the target. This has been considered befo
[15,24,27]. It is generated by the finite radius of th
axial electric field (from≠By≠t  2= 3 E) generated
by the fast electrons in the target, the cause of the resis
inhibition. Estimates of the magnetic field growth rate i
this situation have been given in [24] and [27]; for ou
case we obtain

≠B
≠t

, 1.3

√
fabs

0.4

! √
keV
Tb

!3y2√
Z ln L

20

!

3

√
I

1.8 3 1019 W cm22

!2y3√
6 mm

rs

!
kT ps21,

(4)

wherers is the spot radius. Thus a large magnetic fie
will be rapidly formed. The simulations given in [27]
for aluminum, I  2 3 1018 W cm22 and rs  10 mm
show significant magnetic field collimation. The highe
intensity, smaller spot radius, and higher resistivity
our case would give a significantly higher magnetic fie
and the lower Z of the target a significantly lower
spread due to angular scattering. Thus a high deg
of collimation would be expected. Given that formatio
by fast electron transmission appears to be the on
reasonable explanation, the experimental results show
the fast electrons are strongly collimated and give indire
evidence for the presence of a magnetic field in the targ

In conclusion, the plasma generated by a short, hig
intensity laser pulse on plastic targets has been charac
ized by laser probing. The ablated plasma has a den
minimum along the target normal which lasts long afte
the laser pulse. It corresponds with the region which fa
ions are emitted from. Its persistence is most likely du
to a magnetic field. This result is significant for the fa
igniter as it indicates that a hole bored through the plasm
will persist for long enough to guide the ignition pulse
The magnetic field in the underdense plasma is,200 T,
in agreement with simulation. A plasma is formed at th
rear surface after a few ps with a diameter less than t
of the laser spot. This shows that fast electrons pass
through the target are strongly collimated by an intern
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magnetic field. This is a very important result for th
fast igniter as it would significantly increase the energ
reaching the core. It also makes the laser alignment m
critical as the electrons could miss the core altogether.
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